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Abstract

Sodium cooled fast reactors (SFR) traditionally adopt the steam Rankine cycle for power conversion. The resulting potential for water—sodium
reaction remains a continuing concern which at least partly delays the SFR technology commercialization and is a contributor to higher capital
cost. Supercritical CO, provides an alternative, but is also capable of sustaining energetic chemical reactions with sodium. Recent development
of advanced inert-gas Brayton cycles could potentially solve this compatibility issue, increase thermal efficiency, and bring down the capital
cost sufficiently to compete directly with light water reactors. In this paper, helium Brayton cycles with multiple reheat and intercooling states
are presented for SFRs with reactor outlet temperatures in the range of 510-650 °C. The resulting thermal efficiencies range from 39% to 47%,
which is comparable with supercritical recompression CO, cycles (SCO2 cycle). A systematic comparison between the multiple reheat helium
Brayton cycle and the SCO2 cycle is given, considering compatibility issues, plant site cooling temperature effect on plant efficiency, full plant
cost optimization, and other important factors. The study indicates that the multiple reheat helium cycle is the preferred choice over SCO2 cycle

for sodium cooled fast reactors.
Published by Elsevier B.V.

1. Introduction

The sodium cooled fast reactor (SFR) has been studied since
the early period of nuclear energy development. Recently the
US Global Nuclear Energy Partnership (GNEP) has proposed
to use the SFR as an advanced burner reactor (ABR) to close
the nuclear fuel cycle (Chang et al., 2006). Although successful
operating experience with past and existing test and prototype
SFRs has demonstrated generally good safety and reliability of
sodium cooled fast reactors, incidents and failures did occur in
these prototype reactors and plants (IAEA, 1995). One of major
issues that have impeded the commercialization of the SFR is
cost. Even advanced SFR designs are anticipated to be some 50%
more expensive than the current light water reactors. Both safety
and economics are affected by the selection of the power conver-
sion system for SFRs. Traditionally, the steam Rankine cycle has
been the only available power conversion choice for SFRs. The
potential for energetic water—sodium reactions is a long-standing
issue that at least partially delays the near-term commercializa-
tion of SFR technology and is one of major contributors for the
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relatively high overall cost of the SFR. For example, to pre-
vent and mitigate sodium—water reactions in steam generators,
expensive double walled tubing and complex safety systems are
used. Concern about sodium reactions remains, as sodium leak-
age incidents have occurred in a majority of the larger prototype
SFRs. BN-600 in Russia had 12 sodium leakage incidents during
its first 15 years of operation (IAEA, 1995). Therefore advanced
SFR designs must address the water—sodium reaction safety
concern and improve economics. Advanced closed gas Bray-
ton cycles with compatible fluid such as the inert gas helium
provide an opportunity to address this issue.

Gas turbine power conversion systems have become a mature
technology due to the large scale deployment of natural gas
fired power plants in past two decades. Helium Brayton cycles
are chosen as power conversion cycle in Generation IV High
Temperature Gas Cooled Reactor (HTGR) designs such as the
General Atomics Gas Turbine-Modular Helium Reactor (GT-
MHR) (Labar, 2002) and Pebble Bed Modular Reactor (PBMR)
(Matzie, 2004). These power conversion systems have under-
gone detailed engineering design and further R&D efforts,
particularly for the PBMR, will solve development issues related
to closed gas cycles. Net thermal efficiency in the range of
42%—-48% is predicted with turbine inlet temperature from 850
to 900 °C. However, current SFRs can only achieve reactor
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outlet temperatures between 500 and 550°C due to metal-
lic clad peak temperature limit. Even considering longer term
advances in materials, the possible reactor outlet temperature
may only increase to 650 °C due to the sodium boiling tempera-
ture of 881.4 °C. Under this range of reactor outlet temperatures,
the conventional closed helium Brayton cycle has significantly
lower efficiency than steam cycles. One of solutions to improve
the Brayton cycle efficiency can be through multiple reheat and
intercooling.

Reheat is not a new concept for power cycles. It is widely
used in almost all modern steam cycles. For gas-cooled reac-
tors reheat has not proven to be practicable due to the high
pressure loss associated with pumping helium to and from the
reactor core. Because molten coolants such as sodium can trans-
port heat with low pumping power to compact heat exchangers,
reheat becomes an attractive option with molten coolants. By
utilizing reheat, these multiple reheat molten coolant gas cycles
(MCGC) have the potential for substantially higher thermal effi-
ciency than current gas cooled reactors, if used with comparable
turbine inlet temperatures (Peterson, 2003). MCGC power con-
version systems (PCS) using heat from high-temperature liquid
salts achieve net thermal efficiencies of 56%, 51%, and 48% for
turbine inlet temperatures of 900, 750, and 675 °C, respectively
(Zhao and Peterson, 2007). Very high PCS power densities are
achieved in these designs, which could imply a large material
saving and low construction cost, and bring down the specific
PCS cost to about half that of the current GT-MHR PCS design.
MCGC designs were also applied for fusion power plant con-
ceptual design (Zhao et al., 2005).

Fig. 1 provides a T-s diagram for a low temperature MCGC
reference design, which shows the basic idea of MCGC cycle.
Using multiple reheat and cooling stages, and recuperation, the
overall thermal efficiency can approach Carnot cycle efficiency.
With multiple reheat stages, the average heat absorbing temper-
ature is close the highest heat source temperature; with multiple
cooling stages, the average heat rejection temperature is close
the heat sink temperature. The heat transfer in the recuperator
is internal, and does not affect the average heat input and heat
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Fig. 1. Temperature-entropy diagram for the MCGC low-temperature reference
case. Where T, is the turbine inlet temperature, T}, the turbine outlet temperature,
T, the recuperator high-pressure side outlet temperature, 7y the recuperator low-
pressure side outlet temperature, T, the compressor outlet temperature, and Tt
the compressor inlet temperature.

rejection temperatures. The cycle efficiency for this optimized
reference design shown in this figure is 44% at a turbine inlet
temperature of 550 °C (T, in Fig. 1). For liquid heating sources
like sodium, both the pipe diameters and pumping power needed
for reheat are much smaller than for gas.

In this paper, MCGC power conversion system designs for
SFRs are presented. Section 2 briefly discusses design assump-
tions and methods. Section 3 describes power conversion unit
(PCU) arrangement. Section 4 presents major design results.
Section 5 provides a comprehensive comparison of MCGC
with supercritical carbon dioxide cycle (SCO2) (Dostal et al.,
2006a,b). SCO2 cycles are recently proposed as power conver-
sion systems by several countries in their advanced sodium fast
reactor designs, such as US ABR design (Chang et al., 2006) and
Japan (Mito et al., 2006). One of purposes of this paper is to give
some insights on systematic comparison of different power con-
version systems for SFRs, where multiple reheat helium Brayton
cycles enjoy the safety benefit of an inert power cycle working
fluid.

2. MCGC design methods, assumptions, and
optimization process

2.1. MCGC thermal cycle efficiency calculation

As shown in Fig. 1, for an optimal cycle the multiple-reheat
turbines are sized to provide equal pressure expansion ratios.
The gas entering each turbine is heated to the same inlet tem-
perature, using the intermediate coolant in a counter-flow heat
exchanger. Likewise the compressors are sized to provide equal
compression ratios. The gas entering each compressor is cooled
to the same temperature, using water in a counter-flow heat
exchanger. The original study (Peterson, 2003) provided equa-
tions for analyzing the thermal efficiency of the MCGC, which
are summarized below.

W T =Ty = n(Ta — T 1
ﬁ—(a_ b) = Ni(Ty — Tps) (1)
Wc_ _(Tes_Tf)

ﬁ—(Te_Tf)— T 2

where W is the power, M the mass flow rate times specific heat, T
absolute temperature, 7, the turbine efficiency, and 7. the com-
pressor efficiency. The definition of Ty, Ty, T, T4, Te and Tt are
shown in Fig. 1. The total pressure ratio for the cycle is then

P ..\ "/ (r=b 7.\ /(=D
S == 3)
P T Ths

where P is pressure, y the gas constant, assumed to be constant,
n the number of compression stages, m the number of expansion
stages, and

Te=1——— “)

corrects for system pressure losses AP. Then for specified
turbine inlet and outlet temperatures, and compressor inlet
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temperature, the compressor outlet temperature 7, can be deter-
mined from Egs. (1-3) as,
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The cycle efficiency nyr can be determined from the heat added
Oy and the net work produced W,

thermal power 1000 or 2400 MW,
turbine inlet temperature,
compressor inlet temperature,
recuperator effectiveness 0.95,
compressor efficiency 0.88,

turbine efficiency 0.93, and
maximum helium pressure 10 MPa.

The second group is adjustable, including

e numbers of expansion and compression stages,

e turbine outlet temperature or total pressure ratio (defined as
the ratio of the maximum pressure over the minimum pressure
in the cycle), and

e the system fractional pressure loss coefficient.

@ =m(Ty — Ty) + AT; (6) . . . .
M The above turbine and compressor efficiencies are adiabatic
(or isentropic) efficiencies and the values used are the same
W, as used by the GT-MHR design. Some researchers have used
™ m(Ta = To) — n(Te — Ty)] ) polytropic efficiency and considered real gas effects (Oh and
Moore, 2005; Dostal et al., 2006b). The relationship between
adiabatic efficiency and polytropic efficiency for a compressor
MR = W — 1= (/m)(Te — Tp/(Ta — Tb) (8)  can be expressed as
On 1+ (AT:/m(Ta — Tp))
W 1= (T/(Ty = Tone)n/m)lme ™™ (1 — (/)T — Ty)/ T) ™"/ = 1] o)
MR on I+ (ATy/m(Ty = Ty))
where the average temperature drop across the recuperator AT;
is related to the recuperator effectiveness 7, as
AT, =Ty —T) =Ty — To) = (1 — n )Ty — Te) (10) -DaA-QQ/y)+1
Tlc = Mpoly (12)
As a first order of approximation, one can use the following .
estimation for the total fractional pressure loss (total pressure  For turbine the two efficiencies’ relationship becomes
loss over system pressure): z
: 13)

nc=1—(ct+cr-m+cc-n), (11

For the first iteration in solving for cycle efficiency, ¢, =0.01 is
used for the fractional pressure loss for recuperator, ct =0.01
fractional pressure loss for one stage of heating and expansion
(heater, turbine, and related ducting loss), and c¢c =0.005 frac-
tional pressure loss for one stage of cooling and compression
(cooler, compressor, and related ducting loss). These parameter
values are only used as the initial estimation of system fractional
pressure loss. After detailed design for major components such
as turbomachinary, heaters, coolers, recuperator, and ducting
system is finished, the fractional pressure loss value is updated
according to each component’s pressure loss.

Using these equations, a parametric search was used to iden-
tify promising design parameters under SFR-relevant design
constrains.

2.2. Design parameters and assumptions
Two groups of important design parameters affecting cycle

efficiency are used to determine the cycle efficiency. The first
group is fixed after a reactor design is selected, including

M=oy A — (1) + 1

where ¢, nt, and 01y are adiabatic compressor efficiency, adi-
abatic turbine efficiency, and polytropic efficiency, respectively;
z is compressibility factor; and y is the ratio of specific heat at
constant pressure over specific heat at constant volume (5/3 for
helium). For helium in the range of consideration, maximum z
for the compressor is about 1.06 and maximum z for the turbine
is about 1.03. Therefore, the equivalent polytropic efficiency is
about 0.91 for compressor and 0.92 for turbine. These equivalent
polytropic efficiency values are almost same as used by several
recent publications (Oh and Moore, 2005; Dostal et al., 2006b).
Because thermal efficiency strongly depends on the assumption
of turbomachinery efficiencies, it is important to have consis-
tent turbomachinery efficiency assumptions before comparing
different cycle designs. In this paper, only the thermal efficiency
(or cycle efficiency used by some authors) is presented in order
to more clearly compare different cycles. Net plant efficiency
should consider other losses, such as generator efficiency, gear-
box or frequency invertor efficiency if used, cooler pumping
power, houseload and other consumptions. These values vary
with PCS design, component design, plant power level, and
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other factors. It is reasonable to assume that the net reduction
on efficiency is similar for different cycles.

Turbine inlet and compressor inlet temperatures are chosen
according to heat source temperature and heat sink temperature.
For sodium fast reactors, the reactor core outlet temperatures
currently range from 510 °C for metallic fuel to 550 °C for oxide
fuel. Corresponding turbine inlet temperatures at 470 and 520 °C
are used for these two SFR designs. A turbine inlet temperature
at 550°C is also included in this paper, which can be taken
as a potential value considering near term improvement on SFR
design so that reactor outlet temperature can be further increased
by 20—40 °C. The fourth case considered is for turbine inlet tem-
perature at 600 °C, this represents the longer term case requiring
significant improvement on SFR material and design. The two
higher temperature cases can be also directly applied for heavy
metal cooled fast reactor designs. The compressor inlet temper-
ature is determined by the specific heat sink and thus varies with
plant sites and ambient conditions. Analysis later in this paper
shows that heat sink temperature variation has important effect
on efficiency. As the reference design choice, 30 °C is chosen as
compressor inlet temperature.

Thermal power affects the economics of scale. Larger plants
tend to be less expensive in the sense of cost per kWh electricity
generation. 1000 MWt is chosen to represent current demon-
stration SFR plant design such as the Advanced Burner Reactor
concept in US (Chang et al., 2006) and 2400 MWt is chosen for
near term or long term commercial design to take advantage of
economics of scale.

A recuperator effectiveness value at 95% is used by almost
all the advanced Brayton cycle designs. Multiple reheat Brayton
cycles require smaller recuperators, and are less sensitive to the
recuperator effectiveness, than are conventional closed Brayton
cycles.

System pressure is a parameter that can be optimized accord-
ing to cycle design, the state-of-the-art for high-temperature
materials subjected to high pressure, and overall cost. Higher
pressure can reduce relative pressure loss and increase cycle ther-
mal efficiency. Higher pressure also decreases the component
equipment size, such as the heat exchangers, turbomachinery,
and gas ducting system. Higher system pressure complicates
heater design because the intermediate sodium loop usually has
low pressure and the heaters operate under the highest temper-
ature and largest pressure difference in the entire PCS. Higher
system pressure may also increase helium leakage. GT-MHR
uses a peak pressure of 7.24 MPa and PBMR uses a peak pres-
sure of 9 MPa. The MCGC system is an indirect cycle, with
the entire pressure boundary operating at low temperature—the
compressor outlet temperature; therefore, it can use higher
pressure economically. The current design assumes 10 MPa.
Further increase of the system pressure is possible, but
detailed economic analysis is needed to choose the optimal
pressure.

The second group of parameters such as numbers of expan-
sion and compression stages, turbine outlet temperature and the
system fractional pressure loss coefficient, are adjustable. The
total pressure ratio can be derived from other parameters if the
turbine outlet temperature is chosen as a variable.

2.3. Design methods

A setof design and analysis Mathcad codes were developed to
size the major components and analyze the system performance.
These include:

e cycle thermal dynamical analysis code—which calculates the
thermal efficiency, finds optimal values, and performs sensi-
tivity analysis;

e compact heat exchanger design code—given thermal input
data, calculates the total heat transfer area, pressure losses,
and selects the heat exchanger module sizes;

e turbomachinery sizing code—estimates the sizes and pressure
losses of all the turbines and compressors;

e duct system sizing code—calculates the connection duct size
and pressure losses;

e material input code—estimates total helium inventory, total
solid material input, and calculate the power density and spe-
cific steel input;

e properties database code—contain extensive collections of
the solid and fluid physical and transport properties, including
helium, sodium, high-temperature alloys used in PCS design.

The cycle thermal dynamics analysis code is developed bas-
ing on MCGC analysis equations list from 1 to 10. Input data
are based on GT-MHR PCS system parameters and component
design results.

The compact heat exchanger design code assumes that all
these compact heat exchangers (heaters and recuperator) use
offset fin channels to enhance heat transfer. LMTD design proce-
dures (Kays and London, 1984) are used to size heat exchangers
and calculate pressure losses. Reference (Manglik and Bergles,
1995) provides heat transfer and pressure loss correlations for
offset strip fin channels. Heaters and the recuperator will be
made of common high temperature steel such as 316L used
for the recuperator in GT-MHR design. All of these compact
HX designs use mm scale thick wall and fins to achieve high
power density. Similar non-compact type of coolers as used in
the 1996 GT-MHR design are also used for the MCGC PCS
coolers. The volumes of coolers are calculated using the ratio of
thermal power and the GT-MHR cooler volumes.

The turbomachinery sizing code uses simple design methods
(Fielding, 2000) to size turbines and compressors and calculate
pressure losses. All the turbines and compressors are syn-
chronous (3600 rpm). Also the same dynamic pressure recovery
ratios for turbine and compressor exits as GT-MHR are used. The
sizes of stators and bearings are estimated according to power
scaling from the corresponding GT-MHR designs.

The duct system sizing code calculates the size of connection
ducts and pressure losses. All of the form losses and wall friction
losses are accounted for in the pressure loss calculation. The total
fractional pressure loss for all of the connection ducts is less than
2% of the system total pressure.

The material input code calculates figures of merit such as
specific power density, specific steel input, and specific helium
inventory. Specific power density is defined as the electrical
power per unit of PCS volume. It is an indicator of material con-
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sumption and building volume. Specific steel input is defined as
the steel mass per unit of electricity power. It is a direct indi-
cator of major material cost for a PCS system. Specific helium
inventory is defined as helium mass per unit of electricity power.
It decides helium cost and storage volume requirements. Stor-
age is required both for maintenance, and for power control,
because power changes are achieved by changing the gas inven-
tory. After sizing of each major component in the PCS, it is
relatively straightforward to estimate specific power density and
specific helium inventory. It is difficult to precisely account for
the total material consumption without a detailed engineering
design. However, it is possible to estimate the major material
inputs for the PCS by including major PCS components such as
the pressure boundary (pressure vessels and ducts), generator,
turbomachinery, and heat exchangers. There are two methods
to estimate the material mass for components: direct calculation
and scaling. For pressure boundary masses, almost all the pres-
sure boundaries are in the form of cylindrical vessels. The wall
thickness for a cylinder vessel wall can be estimated using:

P-D

= ————
20 3llowable

(14)
where ¢ is the vessel thickness, P pressure, D vessel diameter,
and o 4jowable the allowable stress. Heater and recuperator masses
are estimated from component design calculations by assuming
materials used. The masses for coolers, generator, and turboma-
chinery are scaled from GT-MHR design data, according to the
following equation:
OMR
MMR = MGT-MHR = — (15)
OGT-MHR

where myr is the multiple-reheat cycle component mass,
mgT-MHR the corresponding GT-MHR component mass, QMR
the multiple-reheat cycle component capacity, and QgT-muR the
corresponding GT-MHR component capacity.

2.4. Optimization process

The design procedures include the following steps: first the
numbers of expansion and compression stages are specified, and
then the turbine outlet temperature is selected according to max-
imum heat source temperature, total pressure ratio, mass flow
rate, recuperator power, and, most important—the optimal ther-
mal efficiency. Based on these parameters, each component is
designed, such as heaters, turbomachinery, coolers, recuperator
and ducts. Finally the system pressure loss is calculated and the
design process repeated if there exists large difference between
the calculated fractional pressure loss value and the estimated
value according to Eq. (11). The following section describes
how to select these parameters:

e Select the ratio of expansion stages over compression stages:
more stages of compression corresponding to one stage of
expansion could increase efficiency. But too many stages
of compression result in excessive complexity and cost. As
shown in Fig. 2, providing two compression stages for each
turbine expansion stage can increase net electricity produc-
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Fig. 2. Optimized thermal efficiency as function of the number of expansion
stages and the number of compression stages, for the turbine inlet temperature
at 550°C.

tion by around 2%-5% relative to the case of one compression
stage for each expansion stage, depending on the number of
expansion stages. However, further increasing compression
stages from two to three for each expansion stage produces
little or even negative net efficiency gain. Therefore, here two
stages of compression are chosen for each stage of expansion,
which is also the ratio of compression to expansion stages used
in the current GT-MHR and PBMR PCU designs.

e Select the number of expansion stages: with the ratio of
expansion stages over compression stages is determined, the
number of expansion stages can be selected. Thermal effi-
ciency increases with the increase of the number of expansion
stages until that too many expansion stages result in exces-
sive pressure loss. As shown in Fig. 2, the efficiency gains
relative to the one expansion stage case are 9.6%, 14%,
14.7%, and 14.5% for cases with two, three, four, and five
expansion stages, respectively. Too many stages of expansion
will result in very large total pressure ratio and very com-
plex and expensive ducting systems. A very large pressure
ratio will make the recuperator smaller, therefore reduce total
heat transfer area and heat exchanger cost, but will compli-
cate the designs of the recuperator (large pressure difference
between hot side and cold side) and low pressure turbines
(low power density and large blade diameter), therefore at
most 4 stages of expansion is feasible. For most cases, 3
expansion stages may be the best choice with 6 stages of
compression.

e Select the turbine outlet temperature: within a range, thermal
efficiency is not very sensitive to the turbine outlet temper-
ature. Higher turbine outlet temperature means smaller total
pressure ratio. The mass flow rate increases with turbine outlet
temperature. A larger mass flow rate requires larger turbo-
machinery and larger duct diameters. Higher turbine outlet
temperature also means larger and more expensive recuper-
ator because turbine outlet temperature affects the choice of
the recuperator material. Fig. 3 shows the change of the ther-
mal efficiency with the turbine outlet temperature for different
combinations of numbers of expansion stages and compres-
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Fig. 3. Thermal efficiency change with the turbine outlet temperature for differ-
ent configurations, for the turbine inlet temperature at 550 °C. 1T2C: 1 expansion
stage and 2 compression stages; 2T4C: 2 expansion stages and 4 compression
stages; 3T6C: three expansion stages and 6 compression stages; 4T8C: four
expansion stages and 8 compression stages.

sion stage. These cases shown in the figure are for the cycles
with the turbine inlet temperature at 550 °C.

More detailed description of PCS designs can be found in
previous publications (Zhao and Peterson, 2006, 2007).

3. MCGC PCU arrangement

There are several major equipment design choices to make
when considering multiple-reheat Brayton power conversion
systems such as: horizontal shaft versus vertical shaft, single
shaft versus multiple shafts, and integrated versus distributed
equipment configurations. Previous studies (Zhao and Peterson,
2006, 2007) have generated several options for PCU arrange-
ments. Only two designs are summarized here.

Fig. 4 shows the schematics of an integrated vertical multiple-
shaft system design which can be derived from GT-MHR PCU
design. With relatively small engineering modifications, mul-
tiple GT-MHR PCU’s can be connected together to create a
multiple-reheat cycle power conversion system. The resulting

power conversion system is very compact, and results in what is
likely the minimum helium duct volume possible for a multiple-
reheat system. To do this, compact plate type sodium-to-helium
heat exchangers are inserted in the annular space around the
turbines, currently occupied by the upper set of recuperator
heat exchangers in the GT-MHR design, and the recuperator is
moved to a separate pressure vessel. Locating heaters in annular
arrangement around turbines gives very short hot-gas flow path.

The left-bottom picture in Fig. 5 shows hot and cold leg con-
figurations for the reference multiple-reheat cycle using three
PCU modules (high pressure (HP), middle pressure (MP), and
low pressure (LP)) and a separate recuperator vessel (R). An
upper hot leg and a lower cold leg connect each pair of PCUs. A
separate recuperator vessel is also connected to the low-pressure
and high-pressure PCU’s with similar hot and cold legs. As
shown in Fig. 4, the hot legs connect the PCU vessels at the
elevation of the turbine outlets. Flow is collected from the tur-
bine outlet diffuser and crosses the hot leg to the next PCU
vessel. This hot-leg flow enters the top of an annular ring of
compact heat exchangers and flows downward, to be heated to
turbine inlet temperature, and then is ducted directly into the
next turbine inlet, resulting in a very short hot-gas flow path.
Calculations for the frontal area, flow path length, and volume
of these heaters indicate that they can fit without problems in
the annular volume around the turbine, currently occupied by
the upper recuperator bank of the current GT-MHR PCU design.
Likewise, the cold legs connect the PCU’s at the elevation of the
compressor outlets. Flow is collected from the compressor dif-
fuser, and approximately 90% of the flow crosses the cold leg,
and enters the top of an annular ring of coolers to flow down-
ward, to be cooled and then go directly into the next compressor
inlet. Approximately 10% of the cold flow is bypassed upward
to flow through an annulus around the hot-leg duct, so the hot-
leg pressure boundary is maintained at the same temperature as
the cold-leg boundary to minimize thermal stresses due to the
PCU vessels being connected at two elevations by cross-over
legs. The cold cross-over leg eliminates the vessel volume and
pressure drop that would be required to bring 100% of the cold
flow to the hot-leg elevation to flow across in an annular duct, as
is done with direct-cycle gas-cooled reactors. With this config-

Fig. 4. Schematic flow diagram for the reference three-expansion-stage multiple-reheat cycle, using three PCU modules (HP, MP, and LP) each containing a generator
(G), turbine (T), compressor (C), and heater and cooler heat exchangers, with a recuperator (R) located in a fourth vessel.
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Fig. 5. Scaled comparison of four Brayton power conversion systems. Note the small difference in size between the lower-power (165-286 MW (e)) and high-power

(~1100 MW(e)) PCS options.

uration, for the recuperator the low-pressure turbine discharges
its gas into a hot leg going over to the top of the recuperator
vessel, and the low-pressure gas flows down through the recu-
perator and then returns to the low-pressure compressor in the
low-pressure cold leg. Likewise, the discharge from the high-
pressure compressor flows across in the high-pressure cold leg
to the recuperator vessel, and flows upward through the recuper-
ator to be heated, and then across in the high-pressure hot leg to
the high-pressure PCU.

Fig. 6 shows the schematic flow diagram for the distributed
three horizontal-shaft multiple-reheat cycle, using three PCU
modules (HP, MP, and LP) each containing a generator, tur-
bine, compressor, and heater and cooler heat exchangers, and a
recuperator located in a separate vessel. The counterclockwise
flow in the left part of this diagram forms the hot flow loop
(not a closed loop, but connected to the cold loop in recupera-
tor), within which high temperature helium flows in heaters, hot
ducts, turbines, and the recuperator. The arrangement pattern
shown in the diagram is optimized to minimize the total length
of hot ducts, which are much more expensive than cold ducts
and generate heat losses. All the hot ducts are concentric ducts
and cooled by cold helium which flows in the annulus outside
hot inner ducts. The clockwise flow going through coolers, cold
ducts, compressors and cooling paths for hot ducts forms a larger
cold loop.

In all these designs, the pressure boundary operates at, or
slightly above, the compressor outlet temperature. This is a very
low temperature, and thus the pressure boundary can be made
from inexpensive materials. There is also a pressure difference
between the cold helium next to the pressure boundary and the
hot helium in the hot ducts inside, so the hot ducts and turbine
casings must operate with some pressure difference and stress

too. However, insulation in these systems can allow the hot com-
ponents to operate closer to the cold temperature than the hot
temperature. The steady-state pressure difference between the
hot and cold fluids is minimized.

At this stage, it is difficult to select one to be the best potential
system to further develop. But if we consider this choice in the
context of broader R&D efforts on Brayton cycle for nuclear
power conversion, we will have clearer pictures for future direc-
tions. Fig. 5 compares four different power conversion systems.
The top two, the GT-MHR and PBMR, are middle power level
Brayton cycles without reheat. The two in the bottom are an
integral vertical shaft configuration and another horizontal dis-
tributed shaft configuration that illustrate the change to middle
or large power level Brayton cycles with multiple-reheat. While
the net power output can potentially increase by a factor of 5-6,
the physical size of the systems are not greatly different from the
first-generation GT-MHR and PBMR systems. Multiple reheat
Brayton cycles have better efficiency and have the advantage
of scaling to high power outputs. Therefore, multiple-reheat
Brayton power systems provide a future direction for sodium
cooled reactors. In Fig. 5, the systems on the left are verti-
cal shaft and integrated systems; and the systems on the right
are horizontal shaft and distributed systems. The success of the
GT-MHR, and/or PBMR, program will solve most technology
challenges for the development of multiple-reheat systems and
will establish the technology base to choose directions for larger
multi-reheat systems.

4. MCGC Point design results for SFR

Table 1 summarizes the power conversion design parameters
for four peak temperature options and the reference GT-MHR
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Fig. 6. Schematic flow diagram for the distributed three horizontal-shaft multiple-reheat cycle, using three PCU modules.

Table 1
SFR MCGC system design parameters and comparison with the GT-MHR PCU

ABR SFR-oxide SFR near term SFR long term GT-MHR
Thermal power (MW) 1000 1000 2400 2400 600
Primary max./min. temperature (°C) 510/395 550/430 580/455 630/490 848/488
Intermediate max./min. temperature (°C) 480/385 530/420 560/445 610/480 N/A
Turbine inlet/outlet temperature (°C) 470/375 520/410 550/435 600/470 848/508
Compressor inlet/outlet temperature (°C) 30/58 30/60.5 30/60.8 30/63.0 26.4/110.3
System pressure (MPa) 10 10 10 10 7.24
Number of PCU’s 3 3 3 3 1
Numbers of turbines and compressors 3/6 3/6 3/6 3/6 172
Helium mass flow rate (kg/s) 640 554 1271 1126 317
Cycle pressure ratio (—) 3.03 3.36 3.39 3.70 2.69
Pressure loss fraction (—) 0.06 0.06 0.06 0.06 0.07
Thermal efficiency (—) 0.390 0.423 0.441 0.469 0.48
The Ratio of recuperator power over thermal power (—) 1.00 0.955 0.978 0.942 1.04
Table 2
SFR MCGC system size parameters and comparison with GT-MHR PCUs

ABR SFR-Oxide SFR near term SFR long term GT-MHR

PCU total height (m) 28 28 34 34 38
Main PCU vessel diameter (m) (HP, MP and LP) 5.4/5.416.2 5.3/5.3/6.1 6.9/6.9/7.8 6.8/6.8/7.7 7.2
Generator vessel diameter (m) 3.5 3.6 4.5 4.5 4.4
Max. turbine tip diameter (m) 1.90 1.91 2.73 2.74 1.783
Max. compressor tip diameter (m) 1.86 1.86 2.65 2.65 1.684
PCUs power density (kW(e)/m?) 260 290 340 370 230
Specific metal mass for PCUs (MT/MWe) (capacity factor: 0.9) 9.0 8.0 7.2 6.6 7.5
Specific helium inventory (kg/MWe) 17.4 15.2 12.5 11.1 15.9
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design, and Table 2 gives the power conversion design main
system sizes, power density, specific metal mass and specific
helium mass. All the MCGC cycles use three integrated PCUs
with vertical shafts and each has one turbine and two com-
pressors. For turbine inlet temperatures of 470 °C (ABR design
adjusted with increased reactor core inlet temperature), 520 °C
(oxide fuel, current design), 550°C (oxide fuel, near term
design), and 600 °C (long term design), the thermal efficiencies
are 39%, 42%, 44%, and 47%, respectively; the correspond-
ing PCU power densities are 260 kW(e)/m?, 290 kW (e)/m>,
340kW(e)/m3, and 370 kW(e)/m?, respectively; and the corre-
sponding specific metal masses are 9.0 MT/MWe, 8.0 MT/MWe,
7.2 MT/MWe, and 6.6 MT/MWe, respectively. Note that the first
two designs are for middle power demonstration size SFRs
(1000 MWt) and the later two designs are for large commercial
size SFRs (2400 MW1t).

The PCUs power density directly determines structure and
building size, therefore the material and construction costs.
MCGC systems shown in Table 2 have higher power density
than GT-MHR PCU system, even though they operate with SFR-
relevant temperatures. The higher power densities for MCGC
systems are achievable for several reasons: higher system pres-
sure, larger power, and a more compact and shorter helium flow
path arrangement. The MCGC systems have similar or smaller
PCU vessel diameters as GT-MHR and the MCGC PCU vessels
are shorter than GT-MHR PCU vessel. The MCGC turbines and
compressors are slightly larger than GT-MHR due to larger mass
flow rate. The large MCGC PCS systems for the near term and
long term commercial SFR designs have much higher power
densities than the GT-MHR PCS, which implies large potential
capital savings on PCS building and construction costs relative
to GT-MHR PCS.

Besides power density, metal mass per unit electricity output
for PCS is another important indicator for equipment cost. For
PCUs, most of the metal used is steel. As shown in Table 2, large
MCGC PCUs for near and long term commercial SFRs use much
less metal per unit electricity output than smaller MCGC PCUs
for middle size demonstration SFRs. This is due to economics
of scale and improved thermal efficiency. Large MCGC PCUs
require similar or less metal per unit electricity output to con-
struct than GT-MHR PCU does. This may imply a significant
capital cost saving for large MCGC PCUs systems relative to
GT-MHR PCU, due to several reasons: MCGC systems operate
under lower temperature and hence can use lower cost metals;
MCGC is an indirect cycle and GT-MHR is direct cycle, and the
same material for the nuclear island usually costs substantially
more than a balance-of-plant application. Large MCGC systems
also need less helium mass per MWe than GT-MHR. This will
reduce the cost of helium storage and helium cleaning system.

5. Comparison between MCGC and SCO2
recompression Brayton cycles

This section compares MCGC and SCO2 Brayton cycles for
SFRs from several aspects. Although supercritical steam cycles
may have slightly higher thermal efficiency than SCO2 and
MCGC cycles up to 550 °C turbine inlet temperatures (Dostal
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——=SC02
- & Brayton cycle without reheat

Thermal efficiency
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Fig. 7. Comparison of thermal efficiencies of MCGC (3 stages of expansion
and 6 stages of compression), SCO2 cycles, and helium Brayton cycle without
reheat and with 2 stages of compression.

et al., 2006b), the compatibility issue related to sodium—water
reaction mentioned in Section 1 makes water a far less desir-
able power cycle fluid. Fig. 7 compares the thermal efficiencies
for three types of cycles in the interested range of turbine inlet
temperatures for SFRs. The conventional closed helium Bray-
ton cycle with intercooling has much lower efficiency than the
SCO2 cycle in the interested temperature range, which is the
reason why the helium Brayton cycle was not further consid-
ered as power conversion choices for SFR in the past. However,
when one considers using reheat, the SCO2 cycle only shows
slightly better thermal efficiency than MCGC cycle. The differ-
ence is so small (maximum efficiency difference is about 1%)
that this is within the range of engineering design uncertainty.
These efficiency numbers are only for the reference heat sink
temperature and for full load. When considering variation of
heat sink temperature and operation at partial load, the ther-
mal efficiency shifts to favor the MCGC cycle as shown in the
following discussion.

5.1. Compatibility issue

Power conversion fluid choice is a fundamental issue for
SFR plant design. Past experience shows that sodium leakage
can occur for large plants within the lifetime of a plant. Heat
exchangers between intermediate sodium loop and the power
conversion loop have higher potential of leakage due to several
reasons: high pressure difference, high operation temperature,
large heat transfer area, and thin walls to reduce heat transfer
resistance. For a large power plant, the probability of leakage
increases approximately proportionally with thermal power. The
situation is similar as with PWR plants, in which steam gener-
ator tube breaks do occur, and the plant must be shut down for
plugging of the failed tube. For leakage in a sodium steam gen-
erator, the situation is totally different due to the potential for
a violent heat-release reaction between sodium and water. To
mitigate the severity of water leaking into intermediate sodium
loop, very complex systems must be used as shown in Japan
prototype SFR MONJO plant (Matsuura et al., 2007). The safe
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systems dealing with sodium—water reaction in sodium steam
generator increase the capital cost.

If the SCO2 cycle is adopted for SFR, a similar compat-
ibility problem exists between sodium and CO2 (Choi et al.,
2006; Mito et al., 2006) as with water. The energetic reaction of
CO; with sodium may generate even higher temperatures than
sodium—water reactions and the major products include CO and
the molten salt of NayCO,. CO gas is toxic, which may threaten
the safety of plant workers; NayCO; may blocks pipes and con-
taminate the IHX. If a large amount of sodium reacts with CO»,
the released energy may threat the integrity of primary loop.
Due to the more severe nature of the Na—CQ, reaction, it can
be anticipated that more expensive and complex safety systems
may be required, which may significantly increase the capital
cost.

Compared to water and SCO2, helium leakage into interme-
diate sodium loop has no safety implication for the plant and has
very little effect on plant availability. The MCGC can operate at
much lower pressure (10 MPa versus 20 MPa for SCO2 cycle),
which means a much smaller pressure difference across heaters,
and helium is inert gas and does not corrode structure materials
while both water and CO; are corrosive at high temperature.
Therefore, the possibility of heat exchanger wall breaks should
be much lower for helium. If any wall break does occur, the
break area will not increase due to heating from Na-H;O or
Na—CO; reactions. The leaked helium can be recovered in the
expansion tank of the intermediate heat transfer loop. The plant
can continue to operate unless the break area becomes too large.

5.2. Efficiency in real environments

SCO2 Brayton cycles take advantage of the unique feature of
compression work minimized around CO; critical point (32 °C,
7MPa). This brings high efficiency of SCO2 cycle. However,
this also brings a substantive disadvantage of SCO2 cycle.
Because the SCO2 cycle must be optimized around the criti-
cal point for compressor design, any deviation from this point
will strongly affect the efficiency. When the compressor inlet
temperature increases from 32 to 50 °C, the cycle efficiency
will decrease at a rate about 0.28%/°C; when the compressor
inlet temperature decreases, the cycle efficiency keeps same or
slightly decrease (Dostal et al., 2006a). The MCGC cycle effi-
ciency decreases at a much slower rate, between 0.15% and
0.18%/°C, depending on turbine inlet temperatures, as shown
in Fig. 8. The compressor inlet temperature is directly related
to the heat sink temperature, which varies on plant location and
varies every hour with weather. For example, if dry cooling is
used, the heat sink temperature is the atmosphere temperature.

Taking INL (Idaho Falls, ID, USA) as an example of
a cold location, the monthly average temperature varies
from —7°C in January to 21°C in July (according to
http://www.accurateweather.com). Assuming that 20°C tem-
perature difference is needed to remove heat from coolers to
atmosphere, Fig. 9 shows the weather-adjusted efficiencies com-
parison between MCGC and SCO2 cycles. MCGC or simple
helium cycles can enjoy the cold winter weather to increase effi-
ciency and subject to weaker penalty on efficiency in summer.
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Fig. 8. MCGC thermal efficiencies change with the compressor inlet tempera-
tures.

SCO2 cycle can only keep the optimized efficiency during colder
weather and its efficiency decreases more in hotter weather
because it is optimized around the 32 °C critical point. The final
result is the average efficiency for the MCGC now is 40.8% and
for SCO2 is 38.6%. Taking Phoenix, AZ, USA as an example of
ahot location, the annually averaged thermal efficiency is 36.6%
for MCGC versus 35.9% for SCO2. For 550 °C turbine inlet tem-
perature cases, for both locations, the weather-adjusted average
efficiencies are almost same for both types of cycles as shown in
Table 3. The above analysis assumes the efficiency can remain at
the optimal value when compressor inlet temperature changes.
This is not strictly true. However, the SCO2 cycle will subject
much stronger penalty on efficiency than helium Brayton cycles
because SCO2 cycle is optimized around the critical point and
the optimal flow split ratio. For MCGC cycles, when compres-
sor inlet temperature changes, the pressure ratios for turbines
and compressors almost keep same; therefore, both turbine and
compressor can operate at the optimal efficiency. Extremely hot
weather usually means electricity demand peaking, when SCO2
cycles depart from their optimal design conditions most.

When we consider plant locations, such as coastal areas with
excellent low temperature seawater heat sink, helium cycles
can increase efficiency rapidly while SCO2 cycles have diffi-
culty to benefit; in hot areas, SCO2 cycles will have greater
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Fig. 9. Weather-adjusted efficiencies comparison between MCGC and SCO2
cycles for the turbine inlet temperature at 470 °C, sited at INL.
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Table 3
Comparison of weather-adjusted thermal efficiency for MCGC and SCO?2 cycles

1545

Cycle Types ABR SFR-near term

Reference location INL Phoenix Reference location INL Phoenix
SCO2 0.391 0.386 0.359 0.453 0.448 0.421
MCGC 0.390 0.408 0.366 0.441 0.446 0.420

efficiency decrease due to their high sensitivity to compres-
sor inlet temperature. SCO2 cycles can achieve their optimal
efficiency only when the cooling temperature varies inside a
narrow range. Although simplified, the above analysis clearly
shows the importance of site selection on the evaluation of plant
efficiency.

5.3. Optimization of PCS and overall plant cost

The PCS cost accounts for 30%—40% of total equipment cost
in LWRs (Bryan and Dudley, 1974). However, this ratio is much
lower for current SFR plant designs with steam cycles. Current
SFRs are more expensive than LWRs, even for SFRs using sim-
ilar turbine plants. If we assume that turbine plant equipment
cost is 30% of total plant equipment cost, that the SFR equip-
ment cost is 1.5 times that of LWR equipment, and that the SFR
uses the same turbine equipment as LWR, it is straightforward
to estimate that turbine plant equipment for SFR only accounts
for about 20% of total plant cost. This conclusion is consistent
with the study by MIT (Dostal et al., 2006b). We can compare
this with fusion plant design where fusion chamber and related
structures and equipments are much more expensive than bal-
ance of plant equipment. In terms of optimization of PCS, we
can try to increase the efficiency and availability of PCS without
worrying too much on PCS cost increase.

Due to higher power density and elimination of huge equip-
ment items like condensers which operate under sub-atmosphere
pressure in steam cycles, the Brayton cycle PCS tends to be
much smaller and more compact than steam cycles (Peterson
and Zhao, 2004). Therefore, the cost ratio of Brayton cycle PCS
in total SFR plant can be expected to drop further to the range
of 10%—-20%. SCO2 cycles have higher power density therefore
potential lower cost. However, due to the small portion of PCS
in total SFR plant cost, the factor becomes much less important
when selecting cycle types. More import factors should be ther-
mal efficiency, long term reliability, and cost and safety effects
on reactor system design.

5.4. Other issues

Besides the important factors discussed above, there are many
other aspects need to be considered to compare different power
cycles, such as partial load efficiency, technical risk, ability
to scale up to higher power levels. SCO2 cycles have diffi-
culty to achieve high partial load efficiency. One of possible
methods is bypass control scheme, which exhibits an almost
linear efficiency decrease with decreasing power (Dostal et al.,
2006a). For helium Brayton cycles, helium inventory control
can effectively reduce power without affecting the efficiency

across a very large power range (General Atomics, 1996). PBMR
and GT-MHR have been under detailed engineered design. A
PBMR demonstration plant will begin construction in South
Africa in 2008. The experience obtained from these design
and construction projects can greatly help to develop MCGC
cycles.

6. Conclusions

Helium Brayton cycles with multiple reheat and intercool-
ing for SFRs with reactor outlet temperature in the range of
510-650 °C can achieve thermal efficiencies between 39% and
47%, which are comparable with supercritical recompression
CO; cycles. After a systematic comparison between multiple
reheat helium Brayton cycle and the SCO2 cycle, considering
the coolant compatibility issue, plant site climate effect on plant
efficiency, whole plant cost optimization, and other important
factors, it can be concluded that the multiple reheat helium cycle
provides excellent characteristics for application to sodium fast
reactors.
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